An emerging body of evidence suggests that vascular remodeling in diabetic patients involves a perturbation of the balance between cell proliferation and cell death. Our aim was to study whether arteries and vascular smooth muscle cells (VSMCs) isolated from diabetic patients exhibit resistance to apoptosis induced by several stimuli. Internal mammary arteries (IMAs) were obtained from patients who had undergone coronary artery bypass graft surgery. Arteries from diabetic patients showed increasing levels of Bcl-2 expression in the media layer, measured by immunofluorescence and by Western blotting. Human IMA VSMCs from diabetic patients showed resistance to apoptosis, measured as DNA fragmentation and caspase-3 activation, induced by C-reactive protein (CRP) and other stimuli, such as hydrogen peroxide and 7␤-hydroxycholesterol. The diabetic cells also exhibited overexpression of Bcl-2. Knockdown of Bcl-2 expression with Bcl-2 siRNA in cells from diabetic patients reversed the resistance to induced apoptosis. Consistent with the above, we found that pretreatment of nondiabetic VSMCs with high glucose abolished the degradation of Bcl-2 induced by CRP. Moreover, cell proliferation was increased in diabetic compared with nondiabetic cells. This differential effect was potentiated by glucose. We conclude that the data provide strong evidence that arterial remodeling in diabetic patients results from a combination of decreased apoptosis and increased proliferation. Diabetes 55: [1243][1244][1245][1246][1247][1248][1249][1250][1251] 2006 
V ascular complications are the leading cause of death in diabetic patients, and at least some of these are related to functional and structural alterations in large arteries (1, 2) . With respect to functional changes, we have shown previously that vascular reactivity was altered in arteries isolated from diabetic patients (3), whereas structural alterations are characterized by wall thickening (2) . Increase in intima-media thickening of the carotid artery has been suggested to be a useful predictor of a high-risk group of cardiovascular events (4, 5) . In general, three different patterns of arterial remodeling have been identified: inward, characterized by a decrease in lumen diameter; outward, characterized by an increase in lumen diameter; and compensatory, characterized by a lumen diameter preservation despite changes in intima-media thickness. Clinical data showed that type 2 diabetic patients had greater intima-media thickening than nondiabetic patients (6) . It is generally accepted that increased cell proliferation is a key feature of intima-media thickening in diabetes (7, 8) . However, an emerging body of evidence suggests that an increase in intima-media thickening involves a perturbation in the balance between cell proliferation and cell death (9, 10) . Based on this postulate, it has been described that hyperglycemia reduces vascular smooth muscle cell (VSMC) apoptosis by a mechanism mediated by protein kinase C and overexpression of the antiapoptotic protein Bcl-2 (11, 12) . Moreover, other studies have shown that the Fas/Fas-ligand pathway is impaired in patients with type 2 diabetes (13) , supporting the idea that the rate of apoptosis of VSMCs is decreased in diabetic patients. However, the majority of studies showing the role of Bcl-2 in the antiapoptotic effect of high glucose were conducted either in animals or in nondiabetic human VSMCs. For this reason, we investigated whether the impairment of VSMC apoptosis observed in animal models can be extended to human arteries and VSMCs isolated from diabetic patients. To this purpose, we measured apoptosis and cell proliferation induced by different stimuli in VSMCs from diabetic and nondiabetic patients. We also focused our work on the expression of Bcl-2 and Bcl-x L in both groups of patients and corroborated our findings in VSMCs in culture with those in isolated arteries.
Internal mammary arteries (IMAs) were collected by the surgeons during the surgical procedure, labeled, and used within the next few minutes after the operations. The study was conducted according to the Declaration of Helsinki and informed consent was obtained from all subjects before sampling.
C-reactive protein (CRP) was purchased from Calbiochem (Bionova Cientifica). Hydrogen peroxide and 7␤-hydroxycholesterol were purchased from Sigma. The stock solution of 7␤-hydroxycholesterol was dissolved in ethanol at 1,000ϫ concentrated. All other reagents were obtained from Sigma unless otherwise stated. Immunofluorescence staining. Expression of Bcl-2 in human IMA was measured by immunofluorescent staining. Arteries from diabetic and nondiabetic patients were fixed with 4% paraformaldehyde (in 0.2 mol/l phosphate buffer, pH 7.2-7.4) for 2 h and washed with PBS. Arteries were then immersed in PBS 0.1 mol ϩ sucrose 30% at 4°C for 3 h and embedded in optimal cutting temperature (Tissue Tek; Bayer) for 30 min. The arteries were snap frozen at Ϫ80°C for the analysis. Frozen transverse sections 7 m thick were obtained (Cryostat HM500; Microm International, Dü sseldorf, Germany), dried at 37°C, and washed with PBS ϩ 0.3% Tween 20 (PBS-T). Nonspecific binding was blocked by incubating the samples for 1 h in 3% bovine albumin in PBS-T. Frozen transverse sections were incubated with mouse monoclonal anti-Bcl-2 antibody (Neomarker) at a 1:100 dilution overnight at 4°C. Excess of the primary antibody was removed by washing with blocking solution, and samples were incubated with Alexa-568 goat anti-mouse secondary antibodies (Molecular Probes) at a 1:500 dilution for 2 h at 37°C. After washing, images were captured using a Leica TCS SP2 inverted microscope. Quantification of Bcl-2 expression was performed by using the Image J 1.33 software (National Institutes of Health) (15) . Data are presented as fold increase of Bcl-2 expression with respect to each negative control. Analysis of Bcl-2 intensity was done by two independent researchers and the concordance analyzed with the interclass correlation coefficient (16) . The value obtained for this parameter was 0.78, within the acceptable range (17) .
The specificity of the immunostaining was evaluated by omission of the primary antibody and processing as above. Under these conditions, no staining was observed in the vessel wall of either diabetic or nondiabetic patients. Analysis of collagen and elastin in human arteries. In large vessels, elastin is organized into concentric rings of elastic lamellae around the arterial lumen, whereas collagen is present in all three layers of the vascular wall.
Segments of IMA were immediately fixed in 4% paraformaldehyde in PBS for 3 h, transferred to a cryomold containing optimal cutting temperature (18) . Color images were captured with a microscope (Nikon Eclipse TE 2000-S, ϫ20 objective) using a digital camera (Nikon DXM 1200F). The collagen was measured in the whole media layer using Image J 1.33 software (National Institutes of Health) and showed as arbitrary units. To analyze the intima-media thickness, the arteries were incubated with 0.01 mg/ml Hoechst 33342 to stain cell nuclei (blue). Intimamedia thickness in arteries was measured (in micrometers) using Image J software. The value of each artery was obtained by the mean of five random samples measured in the cross section. The content of elastin was studied with fluorescent confocal microscopy based on the autofluorescent properties of elastin (Ex 488 nm/Em 500 -560 nm) using a Leica TCS SP2 confocal system. The number of elastin lamellae was obtained by counting. Western blotting. To determine the expression of Bcl-2, cells from diabetic and nondiabetic patients were plated onto 60-mm Petri dishes and allowed to attach for 24 h. At the time of harvest, the cells were washed with ice-cold PBS, lysed on ice with 200 l lysis buffer (10% glycerol, 2.3% SDS, 62.5 mmol/l Tris-HCl, pH 6.8, 150 mmol/l NaCl, 10 mmol/l EDTA, 1 g/ml leupeptin, 1 g/ml pepstatin, 5 g/ml chymostatin, 1 g/ml aprotinin, and 1 mmol/l phenylmethylsulphonyl fluoride), and boiled for 5 min. Equal amounts of protein were run on 12.5% SDS polyacrylamide gel electrophoresis. Proteins were then transferred to polyvinylidene difluoride membranes (Immobilon-P; Amersham, Madrid, Spain) and blocked overnight at 4°C in blocking solution (5% skimmed milk in Tris-buffered saline with Tween [TBS-T]: 25 mmol/l Tris-HCl, 75 mmol/l NaCl, pH 7.4, and 0.1% vol/vol Tween 20) . For analysis of Bcl-2 and Bcl-x L , the blots were incubated for 2 h with agitation at room temperature in the presence of a specific mouse monoclonal anti-Bcl-2 or rabbit polyclonal anti-Bcl-x L (both from Neomarker, Bionova Científica, Madrid, Spain) at 1.5 g/ml or in 0.3% BSA in TBS-T. After washing in TBS-T solution, the blots were further incubated for 1 h at room temperature with horseradish peroxidaseconjugated anti-mouse or anti-rabbit secondary antibodies diluted 1:3,000 (Promega, Madison, WI) in blocking solution. The blots were then washed five times in TBS-T, and antibody-bound protein was visualized with the ECL kit (Amersham Biosciences, Barcelona, Spain). Smooth-muscle ␣-actin was used as a housekeeping protein and was determined following the same procedure as mentioned above, using a specific anti-␣-actin mouse monoclonal antibody (Sigma-Aldrich, Madrid, Spain) at 1:1,000 in TBS-T. Cell cultures. Human IMA VSMCs were cultured from explants in RPMI (Life Technologies, Barcelona, Spain) containing 10% FCS. The cells exhibited typical "hill and valley" smooth-muscle morphology by phase-contrast microscopy, and the cultures were stained positively with a monoclonal anti-smooth ␣-actin antibody. Experiments were performed with VSMCs between passages 3 and 5. For the analysis of cell death by apoptosis, the cells (diabetic and nondiabetic) were treated with different apoptotic stimuli: 1-10 g/ml CRP for 4 -12 h and 10 mol/l H 2 O 2 for 12 h or 100 mol/l 7␤-hydroxycholesterol for 48 h. To test the effect of glucose in the apoptosis of VSMCs, the cells were pretreated with glucose (5-25 mmol/l) or mannitol (25 mmol/l) as osmotic control 48 h before the induction of apoptosis. Measurement of cellular DNA fragmentation. VSMCs from nondiabetic and diabetic patients were plated on 96-well plates and allowed to attach for 24 h. Cellular DNA fragmentation was measured with a commercially available cellular DNA fragmentation enzyme-linked immunosorbent assay kit (Roche-Boerhinger) following the manufacturer's instructions. DNA fragmentation was expressed as fold increase of the control values. Analysis of caspase-3 activity. Human VSMCs (nondiabetic and diabetic) were plated on 90-mm Petri dishes and allowed to attach for 24 h. The cells were then treated with 10 g/ml CRP for 8 h. Caspase-3 activity was measured spectrophotometrically using a commercially available kit (Calbiochem) following the manufacturer's instructions. Data are represented as caspase-3 activity (picomol per minute per milligram of protein). Transfection of Bcl-2 siRNA. Human VSMCs from diabetic patients were plated onto six-well plates at 60% confluency. Cells were allowed to attach for 24 h and then transected with Bcl-2 siRNA (Cell Signaling, Izasa S.A., Spain) following the manufacturer's instructions. In addition, a fluorescein-labeled nontargeted siRNA control allowed us to monitor the transfection specificity. After transfection (48 h), cells were treated with CRP (10 g/ml for 12 h) or with H 2 O 2 (10 mol/l for 12 h) and apoptosis analyzed by DNA fragmentation as above stated. Measurement of cell proliferation. To determine cell proliferation, diabetic and nondiabetic VSMCs were plated onto 96-well plates and allowed to attach for 24 h. The cells were pretreated with glucose (5-25 mmol/l) or mannitol (25 mmol/l) for 48 h and serum-starved for the last 24 h of glucose treatment before treatment with the following mitogens: 10% FCS and 1 mol/l angiotensin II or 1 mol/l norepinephrine for 19 h. Cells were loaded with BrdU (10 mol/l) for the last 3 h of treatment with mitogens. BrdU incorporation was measured by a solid-phase enzyme-linked immunosorbent assay kit (Amersham Life Science, Barcelona, Spain) following the manufacturer's instructions. Statistical analysis. Results are expressed as means Ϯ SD and are accompanied by the number of observations. Statistical analyses were carried out using Student's t test or one-way ANOVA when necessary. Differences with a P value Ͻ0.05 were considered statistically significant. 
RESULTS
Overexpression of Bcl-2 in diabetic VSMCs. We analyzed the basal expression of the antiapoptotic proteins Bcl-2 and Bcl-x L , both in arteries and in VSMCs in culture isolated from diabetic and nondiabetic patients. Figure 1A shows the expression of Bcl-2 in human arteries analyzed in immunofluorescence-stained samples, and Fig. 1B shows arteries analyzed by Western blotting. The expression of Bcl-2 in the media layer was significantly higher in diabetic than in nondiabetic patients. We also analyzed the content of Bcl-2 in VSMCs, as shown in Fig. 1C . VSMCs isolated from diabetic patients exhibited increased levels of Bcl-2 expression in comparison with those from nondiabetic subjects (Fig. 1C, upper panel) . In the case of Bcl-x L , we found a slight increase in levels both in arteries (Fig. 1B, bottom panel) and in cells in cultures (Fig. 1C,  bottom panel) from diabetic patients. However, this increase was not statistically significant. Preliminary results show that when we correlated the level of Bcl-2 expression in arteries with levels of glucose in the serum of the patients, we found that increasing levels of glycemia correlate with increasing levels of Bcl-2 in the media layer (r 2 ϭ 0.370). As an extension of this finding, we performed an experiment in which nondiabetic VSMCs were treated with increasing concentrations of glucose (5-25 mmol/l) for 48 h (Fig. 2) . Under these circumstances, the Bcl-2 protein levels increased in parallel with the glucose levels. Apoptosis in VSMCs from diabetic and nondiabetic patients. Because we observed an overexpression of Bcl-2 in diabetic patients, we tested whether this overexpression was reflected by resistance of VSMCs to cell death by apoptosis in diabetic patients. Apoptosis was induced by CRP because this risk marker has been found in increasing concentrations in plasma from diabetic patients. We first performed a concentration-and timedependence curve for DNA fragmentation induced by CRP. We established the concentration of 10 g/ml and the time point of 12 h as most effective for DNA fragmentation (Fig. 3A) . Under these circumstances, CRP produced an increase in DNA fragmentation in nondiabetic human VSMCs, although no effect was observed in diabetic VSMCs. To confirm that CRP induced apoptosis rather than necrosis, we analyzed the activation of caspase-3, a well-known marker of apoptosis. Yet again, CRP induced caspase-3 activation selectively in nondiabetic human VSMCs (Fig. 3B) . Because some of the effects of CRP might be due to the sodium azide present in the commercial preparation (19), we also examined the effect of sodium azide (0.05% for 12 h) or lipopolysaccharide (0.8 ng/ml for 12 h) or a combination of both, on apoptosis of human VSMCs. We did not find any effect of sodium azide, lipopolysaccharide, or both on DNA fragmentation in this cell type, irrespective whether the cells were derived from diabetic or nondiabetic patients (Fig. 3C) . Effect of CRP on Bcl-2 degradation. Because diabetic patients showed an overexpression of Bcl-2, we aimed to determine whether this overexpression was responsible for the resistance of diabetic VSMCs to induced apoptosis. Figure 4A shows that CRP induced Bcl-2 degradation in nondiabetic but not in diabetic VSMCs. To determine whether hyperglycemia might be the key determinant of this resistance to CRP, we tested whether nondiabetic cells exposed to high glucose levels might develop characteristics similar to those of diabetic VSMCs. For this purpose, Bcl-2 degradation and DNA fragmentation induced by CRP were investigated in nondiabetic VSMCs pretreated with high glucose. The effect of CRP on both parameters was either abolished (Bcl-2 degradation, Fig.  4B ) or diminished (DNA fragmentation, Fig. 4C ) in the presence of high glucose conditions. Apoptosis induced by other stimuli. To determine whether the resistance to induced apoptosis in diabetic human VSMCs was exclusive for CRP, we tested for apoptosis induced by two other stimuli: hydrogen peroxide and 7␤-hydroxycholesterol, a component of oxidized LDL. In normoglycemic cell medium (glucose 5 mmol/l), hydrogen peroxide and 7␤-hydroxycholesterol induced a greater apoptotic effect, measured as DNA fragmentation, in nondiabetic than in diabetic VSMCs. Interestingly, when nondiabetic VSMCs were preincubated with an increasing concentration of glucose (5-25 mmol/l), the apoptotic effect of both compounds progressively decreased (Fig. 5) . Transfection of Bcl-2 siRNA. To determine whether the overexpression of Bcl-2 was indeed responsible for the resistance to apoptosis observed in VSMCs from diabetic patients, we performed an experiment in which VSMCs from diabetic patients were transfected with Bcl-2 siRNA or with fluorescein-labeled nontargeted siRNA as control. Figure 6B shows that the expression of Bcl-2 was blocked in cells transfected with Bcl-2 siRNA compared with those treated with nontargeted siRNA. Accordingly, the lack of apoptosis induced by CRP and hydrogen peroxide in human VSMCs from diabetic patients was reversed in cells transfected with Bcl-2 siRNA; under these circumstances, cells from diabetic patients behaved like those from nondiabetic patients. However, VSMCs from diabetic patients transfected with nontargeted siRNA did not shown apoptosis induced by such stimuli (Fig. 6C) . Analysis of VSMC proliferation. Cell proliferation was determined by the analysis of BrdU incorporation into cellular nuclei, following stimulation with well-known mitogens. Under normoglycemic conditions (glucose 5 mmol/l), 10% FCS increased BrdU incorporation in both nondiabetic and diabetic VSMCs, although this effect was greater in diabetic VSMCs. This differential effect was potentiated when the glucose concentration was increased in the extracellular medium. Similar results were obtained when proliferation was induced with norepinephrine. However, when we added the mitogen angiotensin II, we did not find any difference between diabetic and nondiabetic VSMCs even though hyperglycemia significantly increased BrdU incorporation (Fig. 7) . Analysis of media thickness and cholesterol content in human arteries. Since diabetic VSMCs in culture were characterized by attenuated apoptosis and augmented proliferation, we determined whether these features were reflected by changes in the structure of the arteries. For this purpose, we analyzed media thickness in both groups of diabetic and nondiabetic patients and found that diabetic patients showed a significant increase over nondiabetic patients in media thickness (Fig. 8) . This might be due to an increase in the proliferation rate and/or a decrease in the apoptosis, but could possibly also be due to an increase in the content of the extracellular matrix. To test for the latter possibility, we studied the content of collagen and the number of elastin lamellae in the media. We found no differences in either of these parameters between diabetic and nondiabetic patients (Fig. 8) .
DISCUSSION
The most relevant findings of this study of isolated arteries and VSMCs of diabetic patients are upregulation of the antiapoptotic protein Bcl-2, increased resistance to apoptosis, increased VSMC proliferation, and enhanced media thickness. We have found an increase in Bcl-2 expression in the media layer as well as in VSMCs obtained from diabetic patients. Previous studies have shown that hyperglycemia inhibited rat VSMC apoptosis in vitro by a mechanism that involved protein kinase C activation (11) and Bcl-2 upregulation. However, to our knowledge, this is the first report to show the upregulation of Bcl-2 in diabetic patients and the resistance to apoptosis in VSMCs obtained from diabetic patients.
CRP is an independent risk factor for cardiovascular diseases and has been found in increasing concentrations in diabetic patients (20) . Moreover, CRP has been found to induce apoptosis in VSMCs (21) . We observed that treatment of human VSMCs with CRP induced apoptosis (measured by three independent methods: DNA fragmentation, Bcl-2 degradation, and caspase-3 activation) exclusively in cells obtained from nondiabetic patients. The reason for this selective effect may be due to increased levels of the antiapoptotic protein Bcl-2 in diabetic human VSMCs, which would protect them from induced apoptosis. This hypothesis was corroborated by the fact that nondiabetic VSMCs treated with high glucose showed increasing levels of Bcl-2 ( Fig. 2) and that the degradation of Bcl-2 initiated by CRP was abolished when the cells were pretreated with high glucose (Fig. 4B) . It has been suggested that hyperglycemia may induce phosphorylation of Bcl-2 via protein kinase C, which would protect Bcl-2 from degradation (11) . This fact might explain, at least in part, why CRP only induced Bcl-2 degradation in nondiabetic patients. It is important to point out that diabetic cells are resistant to apoptosis even in normoglycemic conditions, indicating that Bcl-2 overexpression is a maintained feature in dia- betic patients. Concerning the role of high glucose, one can hypothesize that VSMCs within the artery wall of diabetic patients are constantly exposed to a high glucose environment. In diabetic patients, we found a good correlation between serum glucose concentration and Bcl-2 expression in the media layer of IMA. Besides being controlled through transcription, phosphorylation, and proteolytic cleavage, Bcl-2 family members are regulated by ubiquitination-proteosome degradation systems. In this context, mitogen-activated protein kinase (extracellular signal-related kinases 1 and 2 [ERK1/2]) can phosphorylate Bcl-2, which protects it from degradation by the ubiquitination-proteosome degradation system (rev. in 22). Although the mechanism by which glucose controls Bcl-2 levels is unknown, it is known that high glucose stimulates ERK1/2 in human coronary artery smooth muscle cells (23) . Based on this premise, one can argue that high glucose could protect Bcl-2 degradation by promoting its phosphorylation via ERK1/2. Further research will achieve new insight into this issue.
To rule out that the selective apoptotic effect of CRP was exclusive for this protein, we also analyzed apoptosis in diabetic and nondiabetic VSMCs induced by other stimuli. In this context, nondiabetic VSMCs in cultures incubated with hydrogen peroxide and 7␤-hydroxycholesterol were more sensitive to apoptosis than diabetic VSMCs. However, when nondiabetic VSMCs were preincubated with increasing concentrations of glucose for 48 h, they became resistant to apoptosis, similar to the diabetic cells. To support the hypothesis that the overexpression of Bcl-2 in VSMCs from diabetic patients was responsible for the resistance to apoptosis, we knocked-down Bcl-2 expression with a Bcl-2 siRNA. Under these circumstances, VSMCs from diabetic patients showed apoptosis induced by CRP and hydrogen peroxide to the same extent as the cells from nondiabetic patients.
Because there is a delicate balance within the vessel wall between apoptosis and proliferation, its perturbation may contribute to vascular remodeling. We also analyzed VSMC proliferation in diabetic and nondiabetic cells. We found greater stimulation of cell growth induced by FCS in diabetic versus nondiabetic cells. This effect was potentiated when the cells were preincubated with increasing concentrations of glucose. The mechanism responsible for the accelerated VSMC proliferation in diabetes remains unclear. However, it has been reported that high glucose upregulates AT1 receptor expression (24) . Although the study of AT1 receptors is not within the scope of this work, we also found that the proliferative effect of angiotensin II was enhanced in high glucose conditions in both diabetic and nondiabetic patients, which may corroborate the latter results. Other mitogens involved in cardiovascular complications are catecholamines. Norepinephrine has been shown to induce increasing VSMC growth in cells isolated from animals exposed to risk factors like diabetes (25) and contributes to flow-mediated arterial remodeling (26) . In our experiments, norepinephrine only induced VSMC proliferation under high-glucose conditions, and this effect was more prominent in diabetic than in nondiabetic VSMCs.
The decrease in apoptosis in VSMCs along with the increase in VSMC growth observed in diabetic patients is reflected in an increasing media thickness in these patients, as shown in Fig. 8 . Interestingly, we also observed a positive correlation between media thickness and Bcl-2 expression in the arterial wall, which strongly supports the idea that Bcl-2 overexpression is important in the vascular remodeling in diabetic patients. Another feature that could contribute to vascular remodeling is an increase in the content of matrix protein within the medial layer. To test for this possibility, we analyzed the collagen content and the number of elastin lamellae in isolated arteries by a method previously validated (27) but did not find any differences between diabetic and nondiabetic patients, suggesting that the increase in the media thickness is most likely due to an increase in the cellularity of the medial layer.
In conclusion, the above findings of upregulation of Bcl-2, reduced apoptosis, and enhanced VSMC proliferation in diabetic patients contribute to our understanding of the mechanisms that underlie vascular remodeling in diabetic patients and will hopefully lead to discovery of new targets for future therapy of the vascular complications in type 2 diabetes. 
